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Abstract
Background: During the past three decades in Bangladesh, millions of tubewells have been installed to reduce
the prevalence of diarrheal disease. This study evaluates the impacts of tubewell access and tubewell depth on
childhood diarrhea in rural Bangladesh.
Methods: A total of 59,796 cases of diarrhea in children under 5 were recorded in 142 villages of Matlab,
Bangladesh during monthly community health surveys between 2000 and 2006. The location and depth of 12,018
tubewells were surveyed in 2002-04 and integrated with diarrhea and other data in a geographic information
system. A proxy for tubewell access was developed by calculating the local density of tubewells around
households. Logistic regression models were built to examine the relationship between childhood diarrhea,
tubewell density and tubewell depth. Wealth, adult female education, flood control, population density and the
child’s age were considered as potential confounders.
Results: Baris (patrilineally-related clusters of households) with greater tubewell density were associated with
significantly less diarrhea (OR (odds ratio) = 0.87, 95% confidence interval (CI): 0.85-0.89). Tubewell density had a
greater influence on childhood diarrhea in areas that were not protected from flooding. Baris using intermediate
depth tubewells (140-300 feet) were associated with more childhood diarrhea (OR = 1.24, 95% CI: 1.19-1.29) than
those using shallow wells (10-140 feet). Baris using deep wells (300-990 feet) had less diarrheal disease than those
using shallow wells, however, the difference was significant only when population density was low (< 1000
person/km
2) or children were at the age of 13-24 months.
Conclusions: Increased access to tubewells is associated with a lower risk of childhood diarrhea. Intermediate-
depth wells are associated with more childhood diarrhea compared to shallower or deeper wells. These findings
may have implications for on-going efforts to reduce exposure to elevated levels of arsenic contained in
groundwater that is pumped in this study area primarily from shallow tubewells.
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Background
Diarrheal diseases are a major public health problem in
the developing world. Approximately 1.5 million chil-
dren die from diarrheal diseases each year globally,
which makes it the second most common cause of mor-
tality in children under five [1]. Diarrheal diseases can
be attributed to contaminated drinking water, poor sani-
tation and hygiene, and more broadly to poverty [2,3].
In Bangladesh, diarrheal diseases are one of the leading
causes of death in children under 5, accounting for 20%
of all infant deaths [4]. In an effort to reduce diarrheal
diseases, during the past 30 years Bangladesh has under-
taken an almost universal shift from drinking surface
water to drinking groundwater. The concentration of
fecal indicator bacteria is typically orders of magnitude
lower in groundwater compared to surface water in den-
sely populated villages of Bangladesh [5]. Millions of
tubewells have been installed and now provide drinking
water for more than 95% of rural residents [6]. Diarrhea
mortality has declined in the past four decades in rural
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can be attributed to tubewells is unclear [7-9], because
other interventions have been carried out during the
same time period [6].
During the 1990s, high levels of arsenic (As) were
detected in shallow (typically less than 140 feet deep)
aquifers in Bangladesh. According to a national survey
conducted in the late 1990s [10], the As content of
groundwater in one-third of the tubewells exceeded the
Bangladesh permissible limit (50 μg/L) and did not meet
the World Health Organization guideline of 10 μg/L in
half of the tubewells. Exposure to this metalloid has a
number of adverse health effects including cancers of
the lung, liver, skin, and bladder as well as cardiovascu-
lar disease [11-13]. Before remediation efforts started to
have a significant impact, between 35 and 77 million
people were put at risk in Bangladesh due to the wide-
spread contamination of groundwater with As [10]. The
As crisis has forced policymakers to rethink the public
health value of installing tubewells to avoid drinking
microbially-contaminated surface water.
This study explores whether tubewell access reduces
diarrheal disease risk and, if so, whether tubewells ≥ 300
ft deep are at least equally protective in terms of diar-
rheal diseases compared to shallow wells. This is an
important issue because over 165,000 deep tubewells
have been installed throughout Bangladesh to reduce
exposure to As [14]. The relationship between diarrheal
diseases in children under 5 and tubewell access and
depth can be measured in this study because of the
unique set of data that were collected over a 7 year
period.
Methods
Study area
The study area is Matlab, Bangladesh, which is approxi-
mately 50 kilometers (km) southeast of Dhaka and is a
field research site for the International Centre for Diar-
rhoeal Disease Research, Bangladesh (ICDDR, B). There
are approximately 220,000 people living in the 142 vil-
lages of Matlab. Each village is composed of tens to
hundreds of patrilineally-related clusters of households
called baris. The area has an extensive Health and
Demographic Surveillance System (HDSS) in which 120
community health research workers (CHRWs) visit each
household every month to collect information on health
and demographic events (Figure 1).
Data collection
CHRWs collected diarrheal disease event data for under
5 year old children for the 10,945 baris in Matlab from
2000 to 2006. They asked parents if their children had
diarrhea within the past 24 hour recall period. A diar-
rhea case was defined as at least three or more liquid
stools in the past 24 hours. Cases were also categorized
as either watery or bloody. Once a case was confirmed,
the illness date, birthday, and gender of the child were
recorded in the HDSS database. Since the annual num-
ber of cases is based on parental 24 hour recall on 12
visits per year, we use average daily cases (total cases in
a year divided by 12) and average daily prevalence (aver-
age daily cases divided by the number of children) to
estimate the magnitude of diarrhea in each bari.
A global positioning system (GPS) survey of all 12,018
tubewells in Matlab was conducted from February 2002
to August 2004. The depth of each tubewell was deter-
mined by asking the owners; they typically know how
deep their tubewell is because the construction price is
determined by the length of PVC pipe used for the
installation. Tubewell depths range from 10 to 990 feet,
with almost two-thirds of the wells between 10 and 140
feet deep, one third between 140 and 300 feet deep, and
only 2.2% deeper than 300 feet (Figure 2).
A proxy for tubewell access was developed by calculat-
ing the local density of tubewells around baris.T h e
number of tubewells within 100 meters of all baris was
first calculated. A maximum radius of 100 meters was
chosen because most baris had at least one tubewell
within that distance. Three categories of roughly equal
size were created based on the distribution of the tube-
well density: (i) < 80 wells/km
2, (ii) 80 to < 160/km
2,
and (iii) ≥ 160/km
2 (Figure 2). Each bari was given a
density score ranging from 1 to 3 with higher scores
representing a higher density of tubewells. Tubewells
were also classified into three depth categories: (i) shal-
low wells (< 140 feet), (ii) intermediate-depth wells
(140-300 feet), and (iii) deep wells (≥ 300 feet). The cut-
off of 140 feet was chosen because there is a natural
break at 140 feet in the depth distribution (Figure 2).
The cutoff of 300 feet was chosen for deep wells
because wells ≥ 300 feet deep require different and
more expensive technology that is typically used only to
install community wells paid for by the Government of
Bangladesh or non-governmental organizations (NGOs)
for arsenic mitigation.
Flood control, wealth, education, population density
and the child’s age were included in the analysis to
determine if they alter the effect of access and depth on
childhood diarrhea. A large flood control embankment
was completed in 1990 which divides Matlab into a pro-
tected area with 4149 baris and unprotected area with
6796 baris [15,16]. Therefore, a flood control variable
was created following a binomial distribution, namely,
the flood control variable was coded as 1 if a bari was
protected by the flood control embankment, and 0
otherwise. Previous studies have shown that flood con-
trol influences diarrheal disease incidence [15,17]. A
categorical wealth variable was developed using principal
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Page 2 of 12components analysis [18] with 31% of the variance that
is captured by the first principal component, creating a
single household-level measure from multiple census
variables [19]. The wealth measure reflects a composite
of several variables of ownership of household assets
(bed, bicycle, blanket, lamp, watch) and one ordinal vari-
able of household wall material. Household-level wealth
scores were then collapsed by bari,a n dt h em e a ns c o r e
Matlab
.
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Figure 1 The study area, Matlab, Bangladesh and the spatial distribution of tubewell depth.
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Page 3 of 12represents the bari-level wealth. All bari-level wealth
scores were sorted from lowest to highest and divided
into five categories, with a large value reflecting a weal-
thier status. The adult female (age ≥ 15 years) educa-
tional status was measured in a census of Matlab in
2005. The educational status at bari-level was calculated
by averaging the years of education of adult females in a
bari. Then the years of education in baris was classified
into 5 categories: (i) less than 1 year, (ii) 1 year to less
than 3 years, (iii) 3 year to less than 5 years, (iv) 5 years
to less than 7 years, and (v) 7 years and above. Popula-
tion density was calculated using total population within
100 meters of baris divided by the area. It was then
reclassified into three groups: 1 (0 < population density
< 1000 person/km
2), 2 (1000 ≤ population density <
3000 person/km
2) and 3 (population density ≥ 3000 per-
son/km
2). The size of each group is comparable. The
ages of children were calculated based on children’ dates
of birth. A bari-level child’s age variable was created by
selecting baris i fa l lc h i l d r e ni nabari a r ei ns a m ea g e ,
then the child’s age was classified into five groups: 0-12
months, 13-24 months, 25-36 months, 37-48 months
and 49-60 months.
A bari-level geographic information system (GIS) of
the study area was created to link health and population
data to particular bari locations including diarrheal dis-
ease events, population distributions, and the wealth
scores and maternal education of households based on
their geographic coordinates and identification numbers.
Statistical analysis
Bari-level logistic regression models were built to exam-
ine the association between childhood diarrhea and
tubewell access and depth. A binary dependent variable
based on the average daily diarrhea prevalence was cre-
ated. First, the average daily prevalence was created for
the entire study area using the average daily cases
divided by the total number of children under 5. The
average daily prevalence of each bari (the average daily
cases of a bari divided by the number of children in
that bari) was then compared with the average daily
prevalence of the entire area. If the prevalence of a bari
was larger than the average it was assigned a value of 1
and if it was smaller it was assigned a value of 0.
Univariate logistic regression models were conducted
first, followed by multivariate logistic regression models.
In the univariate logistic regression models, either tube-
well access or tubewell depth was used as the indepen-
dent variable. The models for both independent
variables also considered flood control, wealth, educa-
tion, population density and the child’s age as control
variables. For multivariate logistic regression models,
three control variables, flood control, education and
population density were also put into the models as
independent variables. We separated the wealth index
from the education variable in the models because it is
correlated with the education index (Spearman correla-
tion coefficient r = 0.51, p < 0.0001, n = 49,475). When
examining the relationship between tubewell depth and
childhood diarrhea, baris drinking from shallow wells (<
140 feet) were the referent group which was compared
to baris drinking from intermediate-depth wells (140-
300 feet) and deep wells (≥ 300 feet), respectively. The
association between childhood diarrhea and tubewell
access and depth was indicated by an odds ratio (OR),
which is the ratio of the odds of a one unit increment
of the independent variables. Tubewell access was
divided into 3 categories: low access = 1, medium access
= 2 and high access = 3; tubewell depth also had 3 cate-
gories but they were modeled as dummy variables,
namely, when shallow wells and deep wells were com-
pared, shallow wells were given a value of 0 and deep
wells a value of 1; when shallow wells and intermediate-
depth wells were compared, shallow wells were given a
value of 0 and intermediate-depth wells a value of 1.
The 95% confidence intervals (CI) of the ORs are also
reported. The logistic regression models were built
using SAS 9.2 (SAS Inc., Cary, NC).
Results
Childhood diarrhea
The distribution of childhood diarrhea cases by type
shows that approximately 90% of cases are watery and
10% bloody diarrhea in each year (Figure 3A). Fifty-three
percent of cases were in boys and 47% in girls (Figure
3B). In each year, infants less than 1 year had the lowest
prevalence. The number of cases is highest among 1 year
olds and then gradually decreases through age 4 (Figure
3C). There is no clear seasonal trend to childhood diar-
rhea during the study period (Figure 3D). The number of
diarrhea cases during the 12 recall days each year was
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depth.
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Page 4 of 12highest in 2003 (approximately 12,000 cases) and then
gradually decreased through 2006 (approximately 4500
cases). The average daily prevalence was the highest in
2003 with 35 cases per 1000 children per day and the
lowest in 2006 with only 14 cases per 1000 children per
day (Figure 4). The distribution of cases of childhood
diarrhea in relation to flood control, population density,
and wealth variables is illustrated in Figure 5. The distri-
bution of diarrhea was similar in flood controlled and
unprotected areas, with ratios of diarrhea cases to
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Page 5 of 12population inside and outside of the embankment of
0.041 and 0.045, respectively. The distribution of diarrhea
cases was also similar for groups with a different wealth
status. The number of diarrhea cases increased with
population density, however. The difference in diarrhea
prevalence between shallow and intermediate-depth wells
is difficult to discern from a scatter plot because of the
large number of data points (Figure 6).

Figure 5 The relationship between childhood diarrhea and flood control, population density and wealth.
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Page 6 of 12Associations between childhood diarrhea and tubewell
access
The univariate logistic regression model shows that
greater tubewell access was associated with less child-
hood diarrhea (OR = 0.87, 95% CI: 0.85-0.89) (Table 1).
The inverse relationship between childhood diarrhea
and tubewell access was consistent in each year from
2000 to 2006, as all ORs and their 95% confidence inter-
vals were significantly lower than 1 in each of the 7
years. The inverse relationship still holds when the mod-
els are controlled separately by wealth or population
density. In each group of wealth status or population
density, children in baris with higher tubewell access
had a lower likelihood of diarrhea. With the exception
of the group for which adult females received 7 or more
years of education on average, tubewell access remained
related to a lower likelihood of diarrhea. For baris with
children less than 2 years old, the association between
childhood diarrhea and tubewell access was not signifi-
cant. The relationship between tubewell density and
diarrhea was affected by the flood control variable. Out-
side the flood control area, the association was still sig-
nificant (OR = 0.84, 95% CI: 0.82-0.87). However, there
was no association between tubewell density and diar-
rhea prevalence within the flood control area (OR =
1.02, 95% CI: 0.98-1.06).
The multivariate logistic regression model that consid-
ers tubewell access, flood control, population density and
female adult education (or wealth index) simultaneously
as independent variables also shows that greater tubewell
access was associated with less childhood diarrhea (OR =
0.87, 95% CI: 0.84-0.89) (Table 2). In addition, flood con-
trol and education were negatively associated with child-
hood diarrhea, while population density was positively
associated with childhood diarrhea.
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Figure 6 Scatterplot of the relationship between average daily
childhood diarrhea prevalence and tubewell depth.
Table 1 Univariate analysis of the associations between
childhood diarrhea and tubewell access in Matlab, 2000-
2006.
Independent
variable
Control
variables
N OR 95%CI p
Density-based
tubewell access
Unstratified 51406 0.87 0.85 0.89 < 0.001
Flood control
Yes 17926 1.02 0.98 1.06 0.321
No 33480 0.84 0.82 0.87 < 0.001
Population
density
Low 15048 0.87 0.83 0.91 < 0.001
Medium 16919 0.85 0.82 0.89 < 0.001
High 19439 0.81 0.78 0.84 < 0.001
Wealth
Low 2797 0.94 0.85 1.04 0.242
Low
medium
13357 0.84 0.81 0.88 < 0.001
Medium 21943 0.91 0.88 0.94 < 0.001
High
medium
10536 0.87 0.83 0.92 < 0.001
High 2039 0.89 0.79 1.00 0.055
Education
< 1 year 3862 0.90 0.82 0.98 0.018
1-3 years 12710 0.86 0.83 0.90 < 0.001
3-5 years 18303 0.88 0.85 0.91 < 0.001
5-7 years 11251 0.88 0.84 0.93 < 0.001
≥ 7
years
5280 0.97 0.90 1.05 0.450
Year
2000 7066 0.83 0.78 0.88 < 0.001
2001 7240 0.80 0.75 0.85 < 0.001
2002 7369 0.88 0.82 0.93 < 0.001
2003 7435 0.90 0.85 0.95 < 0.001
2004 7494 0.91 0.86 0.96 0.001
2005 7445 0.93 0.87 0.99 0.014
2006 7357 0.91 0.85 0.97 0.002
Children age
0-12
months
2980 0.92 0.81 1.04 0.191
13-24
months
3620 0.94 0.86 1.03 0.166
25-36
months
4027 0.88 0.81 0.96 0.003
37-48
months
3970 0.91 0.83 1.00 0.059
49-60
months
3385 0.89 0.80 1.00 0.040
Wu et al. Environmental Health 2011, 10:109
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Page 7 of 12Associations between childhood diarrhea and tubewell
depth
The analysis of diarrheal disease and depth shows that
intermediate-depth wells (140-300 feet) were associated
with more childhood diarrhea than shallow wells (less
than 140 feet) over the entire study period (OR = 1.24,
95% CI: 1.19-1.29) (Table 3). The association also holds
for individual years (ORs = 1.15-1.35). The associations
between tubewell depth and childhood diarrhea were
adjusted separately by the five control variables, flood
control, wealth, education, population density and the
child’s age. Whether in a flood-controlled area or not,
intermediate-depth wells were associated with a signifi-
cantly higher number of cases of childhood diarrhea
than shallow wells (OR > 1.00, p < 0.001). This was also
true in each category of population density and educa-
tion. The association between diarrheal disease and well
depth was only altered in the poorest (wealth = 1) and
the richest (wealth = 5) baris. For these two categories,
intermediate-depth wells were not associated with a
significantly higher number of cases than shallow wells
(OR > 1, p > 0.05). The association of intermediate-
depth wells with a higher prevalence of diarrhea than
shallow wells held in baris with children aged 13-48
months but was altered in baris with children aged 0-12
months or 49-60 months.
Deeper wells (≥ 300 feet) were associated with a lower
prevalence of diarrhea compared with shallow wells in
almost every year, although the relationships were not
statistically significant (Table 4). Deep wells (≥ 300 feet)
were not significantly associated with a change in preva-
lence of diarrhea compared to shallow wells (OR < 1.00,
p > 0.05) when controlling for wealth. This result was
not affected by whether baris were in the flood con-
trolled area or outside. For population density and edu-
cation in the lowest category, deep wells were associated
with a lower risk of childhood diarrhea than shallow
wells (OR < 1.00 and p < 0.05). Similar results were
obtained using multivariate logistic regression models
(Table 2).
Table 2 Associations between childhood diarrhea and tubewell access and depth inferred from multivariate logistic
regressions
No. analyses Independent variables n OR 95% CI p
1. Tubewell access 51406 0.87 0.84 0.89 < 0.001
Flood control 0.82 0.78 0.85 < 0.001
Population density 1.20 1.17 1.23 < 0.001
Education 0.94 0.93 0.96 < 0.001
2. Tubewell access 51406 0.87 0.85 0.89 < 0.001
Flood control 0.84 0.80 0.87 < 0.001
Population density 1.19 1.16 1.22 < 0.001
Wealth 0.89 0.87 0.91 < 0.001
3. (Intermediate-depth wells) Tubewell depth
a 45600 1.25 1.20 1.31 < 0.001
Flood control 0.77 0.74 0.80 < 0.001
Population density 1.15 1.12 1.18 < 0.001
Education 0.93 0.91 0.95 < 0.001
4. (Intermediate-depth wells) Tubewell depth
a 44975 1.26 1.21 1.31 < 0.001
Flood control 0.78 0.75 0.82 < 0.001
Population density 1.15 1.12 1.17 < 0.001
Wealth 0.88 0.86 0.90 < 0.001
5. (Deep wells) Tubewell depth
b 29900 0.91 0.77 1.06 0.220
Flood control 0.70 0.67 0.74 < 0.001
Population density 1.16 1.12 1.19 < 0.001
Education 0.94 0.92 0.96 < 0.001
6. (Deep wells) Tubewell depth
b 29425 0.90 0.77 1.06 0.2017
Flood control 0.72 0.69 0.76 < 0.001
Population density 1.15 1.12 1.19 < 0.001
Wealth 0.89 0.87 0.92 < 0.001
a. Tubewell depth includes two categories: shallow wells and intermediate-depth well. b. Tubewell depth includes two categories: shallow wells and deep wells.
For both cases, shallow wells are used as a reference.
The No. 1, 3 and 5 analyses are similar as the No. 2, 4 and 6 analyses, respectively, except that the education variable is replaced with the wealth variable.
Wu et al. Environmental Health 2011, 10:109
http://www.ehjournal.net/content/10/1/109
Page 8 of 12Discussion
Millions of tubewells have been installed throughout
Bangladesh over the past several decades, for the most
part privately by individual households, in order to
access what was widely believed to be safe drinking
water. Although diarrhea morbidity has dropped consid-
erably over the past several decades in Bangladesh, stu-
dies contemporary with the introduction of tubewells
could not show that tubewell users were less affected by
cholera or non-cholera diarrhea than non-tubewell users
[7-9].
One difficulty in studying the relationship between
drinking water quality and diarrhea lies in the uncer-
tainty of exposure to different types of water. To over-
come this problem, we created here an index of
tubewell access based on tubewell density within neigh-
borhoods around extended households. The underlying
assumption is that people living in baris with a higher
local-level tubewell density have better access than peo-
ple in baris with a lower tubewell density. One reason
this could have an impact on diarrhea is that people
with greater access to tubewells can more easily
Table 3 Comparison of the odds ratio of diarrhea risk between drinking intermediate-depth tubewell and shallow
tubewell water
Comparison Control variables n OR 95%CI p
Intermediate-depth wells vs. shallow wells Unstratified 45600 1.24 1.19 1.29 < 0.001
Flood control
Yes 17926 1.43 1.33 1.53 < 0.001
No 33480 1.15 1.09 1.21 < 0.001
Population density
Low 13157 1.25 1.16 1.36 < 0.001
Medium 15191 1.22 1.14 1.31 < 0.001
High 17252 1.25 1.17 1.33 < 0.001
Wealth
Low 2510 1.13 0.94 1.35 0.197
Low medium 11991 1.28 1.18 1.38 < 0.001
Medium 19605 1.29 1.22 1.37 < 0.001
High medium 9172 1.22 1.12 1.34 < 0.001
High 1697 1.26 0.99 1.59 0.056
Education
< 1 year 3513 1.21 1.04 1.42 0.017
1-3 years 11417 1.20 1.11 1.30 < 0.001
3-5 years 16639 1.33 1.25 1.43 < 0.001
5-7 years 9895 1.25 1.14 1.36 < 0.001
≥ 7 years 4136 1.28 1.11 1.48 0.001
Year
2000 6279 1.30 1.17 1.44 < 0.001
2001 6436 1.30 1.17 1.45 < 0.001
2002 6540 1.15 1.03 1.28 0.011
2003 6597 1.17 1.05 1.30 < 0.004
2004 6641 1.16 1.05 1.29 0.005
2005 6590 1.35 1.21 1.50 0.001
2006 6517 1.34 1.20 1.50 0.001
Children age
0-12 months 2639 1.03 0.82 1.31 0.775
13-24 months 3198 1.18 1.01 1.38 0.036
25-36 months 3605 1.34 1.15 1.56 < 0.001
37-48 months 3486 1.39 1.18 1.63 < 0.001
49-60 months 3015 1.11 0.91 1.35 0.300
Baris drinking shallow tubewell water are the referent group. Univariate logistic regressions were used.
Wu et al. Environmental Health 2011, 10:109
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Page 9 of 12maintain personal hygiene. This has been shown by
lower bacteria counts measured on the hands of women
in Bangladesh who were provided hand pumps and pit
latrines compared to a control group [20]. Households
with less access to a tubewell may also store water for
longer periods of time, thus increasing the chance of
microbial contamination of their drinking water [21].
Regardless of exactly why diarrhea morbidity has
declined over the past several decades as a result of
tubewell installation [6], our results based on the collec-
tion of childhood diarrhea cases for a large population
clearly indicate that greater access to tubewells had a
positive impact over the 7-year study period. The impli-
cation is that the introduction of tubewells several dec-
ades ago probably also helped reduce childhood
diarrhea, along with other interventions to improve sani-
tation and hygiene [22,23].
These findings are consistent with a meta- analysis
conducted by Fewtrell et al. suggesting that water, sani-
tation and hygiene interventions had similar effects on
the reduction of diarrheal diseases in developing coun-
tries, with relative risk estimations ranging between 0.63
to 0.75 [24]. Another meta-analysis conducted by Clasen
et al. suggested that interventions to improve water
quality are generally effective for preventing diarrhea in
all ages but the reason is unclear [25]. It is also unclear
whether the decline in diarrheal disease recorded in
Matlab between 2003 and 2006 was part of a long-term
trend or driven by other factors that are beyond the
scope of this study.
The observation that tubewell access is more impor-
tant for reducing childhood diarrhea in areas of Matlab
that are not flood controlled has policy implications,
especially since access has the biggest impact for poorer
people in flood-prone areas. Natural disasters such as
flooding have been shown to increase the risk of diar-
rheal disease [26]. The lack of a significant relationship
between tubewell access and diarrhea within the
embankment suggests that the protective effect of flood
control on diarrheal diseases overshadows the protective
effect of a nearby tubewell. The significance of the rela-
tionship between access and diarrhea outside the
embankment, on the other hand, suggests that installa-
tion of additional tubewells in areas without flood con-
trol where access is limited would likely further reduce
diarrheal diseases.
Our finding that intermediate-depth tubewells are
associated with an increase in diarrheal disease is sur-
prising. In principle, the penetration of pathogens dis-
charged by latrines and ponds into aquifers should
decline with depth because of retention by the sediment.
Table 4 Comparison of the odds ratio of diarrhea risk
between drinking deep tubewell and shallow tubewell
water
Comparison Control
variables
n OR 95%
CI
p
Deep wells vs.
shallow wells
Unstratified 29900 0.86 0.74 1.01 0.063
Flood control
Yes 11088 0.81 0.63 1.05 0.118
No 18812 0.92 0.76 1.13 0.430
Population
density
Low 8599 0.70 0.51 0.96 0.028
Medium 10407 0.94 0.72 1.23 0.670
High 10894 0.94 0.73 1.21 0.647
Wealth
Low 1789 1.52 0.83 2.77 0.179
Low
medium
5468 0.75 0.51 1.10 0.142
Medium 12846 0.95 0.76 1.20 0.668
High
medium
5395 0.81 0.58 1.12 0.206
High 1109 0.71 0.29 1.72 0.446
Education
< 1 year 2471 0.11 0.02 0.82 0.031
1-3 years 7989 1.22 0.88 1.68 0.236
3-5 years 10819 0.78 0.57 1.05 0.105
5-7 years 6424 0.96 0.74 1.24 0.763
≥ 7 years 3197 0.58 0.32 1.05 0.072
Year
2000 4118 0.79 0.51 1.22 0.292
2001 4227 0.85 0.55 1.31 0.462
2002 4290 0.84 0.56 1.27 0.410
2003 4335 0.83 0.56 1.26 0.385
2004 4352 0.94 0.64 1.39 0.755
2005 4316 0.79 0.51 1.22 0.286
2006 4262 1.13 0.74 1.72 0.573
Children age
0-12
months
1731 0.46 0.14 1.49 0.194
13-24
months
2097 0.50 0.25 0.99 0.046
25-36
months
2362 1.08 0.62 1.90 0.777
37-48
months
2261 0.75 0.36 1.53 0.426
49-60
months
1968 0.68 0.26 1.73 0.413
Baris drinking shallow tubewell water are the referent group. Univariate
logistic regressions were used.
Wu et al. Environmental Health 2011, 10:109
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Page 10 of 12One possible explanation for the increase in diarrhea
associated with intermediate-depth wells relates to the
volume of water pumped from these household wells.
Households using a private well typically pump 20-60
liters over the course of a day based on a household
typically having 2-6 persons and a domestic water
demand of 10 liters per person per day [27]. This corre-
sponds to a proportion of the standing volume of water
within a well that decreases from 1-3 well volumes daily
for a 60-foot well to only a 0.2-0.6 well volume for a
300-foot well, assuming a standard 1.5” diameter PVC
pipe was used to construct a well. If pathogens can
reach the standing water within a well either from
above or alongside the outside of a poorly sealed well
and grow within the well [28], more effective flushing of
a shallow well compared to an intermediate-depth well
could potentially reduce the level of pathogens in drink-
ing water and therefore reduce diarrheal disease. The
association between intermediate-depth wells and child-
hood diarrhea could also potentially have resulted from
the geographic distribution of the depth of tubewells or
a confounding variable associated with local geology
(Figure 1). However, spatial scan statistics show that the
area where intermediate-depth wells are concentrated is
not the area where childhood diarrhea cases are clus-
tered [29].
The association between diarrhea and intermediate-
depth wells is not confounded by flood control, wealth,
or education even though both are associated with
childhood diarrhea. The three variables are independent
of one another and there is no significant difference in
flood control or wealth between shallow and intermedi-
ate-depths. There is also no statistical difference in the
proportion of wells in the three depth categories within
and outside the embankmenta n dt h es a m ei st r u ef o r
wealth and education. It is worth noting that the rela-
tionship between tubewell depth (intermediate-depth
wells) and diarrhea has different odds ratios in the pre-
sence of flood control (OR = 1.43) in contrast to the
absence of flood control (OR = 1.15). According to the
95% confidence intervals, these two odds ratios are het-
erogeneous, which is attributable to the interaction
effect between flood control and tubewell depth on
childhood diarrhea (details not shown). Even so, an uni-
dentified confounder cannot be ruled out entirely.
Our finding concerning increased diarrhea associated
with intermediate-depth wells may have implications for
arsenic mitigation. Response surveys to well testing for
As have shown that approximately one-third of the
population of Bangladesh exposed to high levels of As
has switched to a low-arsenic well [30]. Unlike some
other areas of Bangladesh, the majority of these low-As
wells are of intermediate depth in Matlab [31]. Diarrheal
disease could therefore have increased in Matlab as a
result of As mitigation by switching to intermediate-
depth wells
O u ra n a l y s i sd o e sn o ti n d i c a te a robust relationship
between the prevalence of diarrheal disease for house-
holds and usage of the deepest category of wells, which
are typically also low in As in Matlab. A more detailed
study conducted in a limited number of Matlab villages
has shown, moreover, that childhood diarrhea declined
more rapidly in households that switched to deep wells
compared to households that continued to use a shal-
lower well [32]. These observations do not necessarily
contradict the relationship between well depth and
flushing invoked to explain increased diarrheal disease
associated with intermediate-depth wells. Deep wells are
typically community wells installed by the government
and NGOs, and are used by a much larger number of
household pumping 500-1000 liters each day [33]. The
rate of flushing of deep community wells is therefore
comparable to that of shallow private wells.
Conclusions
This study shows that greater access to tubewells is
associated with significantly lower prevalence of diar-
rheal disease in children. This finding suggests that
drinking tubewell water still protects children from diar-
rheal diseases and that the installation of tubewells
should not be discouraged. However, our results indi-
cate that drinking intermediate-depth wells is associated
with a higher risk of diarrhea than drinking shallow or
deep wells, which is surprising. The origin of the greater
risk of diarrheal disease associated with intermediate-
depth tubewells needs to be investigated further.
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